and mammalian hematopoiesis share several similarities that Drosophila ranges from phases to the battery of transcription factors and signaling molecules that execute this process. These resounding similarities along with the rich genetic tools available in fruitfly makes it a popular invertebrate model to study blood cell development both during normal and aberrant conditions. The larval system is the most extensively studied to date. Several studies have shown that these hemocytes just like mammalian counterpart proliferate and get routinely regenerated upon infection. However, employing the same protocol it was concluded that blood cell proliferation although abundant in larval stages is absent in adult fruitfly. The current protocol describes the strategies that can be employed to document the hemocyte proliferation in adulthood. The fact that a subset of blood cells tucked away in the hematopoietic hub are not locked in senescence, rather they still harbour the proliferative capacity to tide over challenges was successfully demonstrated by this method. Although we have adopted bacterial infection as a bait to evoke this proliferative capacity of the hemocytes, we envision that it can also efficiently characterize the proliferative responses of hemocytes in tumorigenic conditions as well as scenarios of environmental and metabolic stresses during adulthood.
Introduction
Drosophila hematopoiesis generates three kinds of mature differentiated blood cell types: plasmatocytes, crystal cells, and lamellocytes which are responsible for phagocytosis, melanization and encapsulation respectively (Crozatier & . Although proliferation in hemocytes is in abundance in immature stages, it is not detectable in the adult fruit fly. This observation led to the proposition that adult hemocytes are in a state of senescence (Honti et al., 2014) .
The identification and characterization of Hematopoietic Hub in Drosophila (Ghosh et al., 2015; Ramond et al., 2015) clearly revealed that the process of new blood cell formation continues even in adult stage and it seems to be relevant for combating any infection. Moreover, the study also demonstrated that the adult macrophages although majorly blocked in senescence can still proliferate in response to high dose of infection (Ghosh et al., 2015) . Here, we describe a detailed step-by-step protocol to assay the proliferative capacity of adult hemocytes by BrdU incorporation in response to high dose of bacterial infection.
Methods

Reagents
• 1X Phosphate buffered saline (1X PBS)
• 5-bromo-2'-deoxyuridine (BrdU) (Sigma Cat. No. B5002) 3. Flies are then infected with E.coli by following the procedure as mentioned below.
Bacterial infection of adult fly.
1. The sharp end of the capillary is dipped in a colony of Escherichia coli expressing RFP (pFPV25.1 RFP plasmid) ( Figure 1A -B).
2. Using this fine glass capillary, lateral side of the thorax of a pre-anaesthetized adult fly is pierced ( Figure 1A -C'). 4. The flies are dissected and immuno-stained using anti-GFP (to mark hml-GFP cells), and anti-BrdU antibody.
Adult fly dissection for Hematopoietic Hub isolation. BrdU fed adult flies are anaesthetized and dissected carefully using fine scissors and forceps in ice-cold 1X PBS (pH 7.2).
1. The flies are positioned dorsal side down in a drop of PBS placed on a clean glass slide ( Figure 2A ).
2. Using two needles, the wings are stretched apart so that the dorsal abdomen comes in contact with the PBS surface ( Figure 2B-C 4. The fly is placed at an angle of 45º. In order to hold the fly in that position, a dissecting needle from one side is placed on the stretched wing (Figure 2A -C) and a scissor is aligned parallel to the fly (as shown in Figure 2D ), A fine incision is then made from the posterior tip of the fly abdomen ventrally (i.e. anus and vaginal plate) and continued up to the head ( Figure 2E ). While doing so, care should be taken to ensure that the pale non-pigmented ventral part of the abdomen is detached from rest of the fly. 7. The tissues present inside the abdominal cavity (like gut, ovaries, malpighian tubules) are gently removed while the dorsal abdominal diaphragm is kept untouched ( Figure 2H ). This dorsal abdominal diaphragm composed of fat body layers which are tightly connected with 12. Traces of HCL is removed by one quick and two 10mins washes in 1X PBS.
13. Samples are then blocked in 10% BSA for an hour followed by incubation in rat anti-BrdU primary antibody (1:100, prepared in 1X PBS) for 45hr at 4°C.
14. Three washes in PBS are done before adding the secondary antibody (anti-rat Cy3,1:400) for 45hr at 4°C.
(Henceforth, all incubations are carried out in a dark chamber).
15. Post incubation two gentle PBS washes of 10 min each are done.
16. To visualize the nucleus of cells, the tissues are incubated in DAPI solution (prepared in 1X PBS) at 4°C for overnight followed by washing twice in PBS (10 min each).
17. Finally, samples were mounted in mounting media (Vectashield) following the procedure below.
Mounting of adult fly samples. The mounting steps of the adult abdominal samples are critical for successful observation of adult Hematopoietic Hub. Before mounting, trimming of the cuticle on either side of the abdomen is required. This cuticle along the edges otherwise attributes unwanted thickness to the tissue.
1. A drop of 1X PBS is taken on a clean glass slide. As described previously in the "dissection" section, the sample is placed at an angle of 45º and thorax and the curved cuticle is removed by applying a very sharp cut along the extreme edge of the abdomen where the curvature initiates. 4. Finally, the tissues are arranged in a row and a cover-slip is gently placed on them. In order to prevent drying, cover slip is sealed with a transparent nail-polish. The mounted samples are ready for immediate imaging or can be stored in 4°C.
Fly Bleeding.
1. To assay the cell proliferation in adult circulatory hemocytes, a batch of synchronously eclosed adult flies are reared in BrdU containing food before and after the bacterial infection, following the above-mentioned procedure (Section: 'BrdU feeding of adult fly').
2. The synchronized culture of (+;hml Gal4-UAS GFP;+) female flies are anesthetized and the wings are removed using fine scissors. 5. The hemocytes are allowed to adhere to the glass surface for 20 min inside a moist chamber.
6. Fixation of the hemocytes are done by adding freshly prepared 4% para-formaldehyde for 30min inside a moist chamber. 10. The blocking solution is then replaced by the primary antibody (mouse anti-GFP, 1:50, diluted in 1X PBS). Incubation is done for 18hr at 4°C. Cells are then washed thrice in 1X PBS for 5mins each.
After three washes in 1X PBS
11. Secondary antibody (anti-mouse FITC, 1:400) incubation is carried out for 4hr at RT followed by three 10 min washes in 1X PBS.
12. For depurination step, 2N HCL (freshly prepared in 1XPBS) is added for 20 min without shaking.
13. Two washes in 1XPBS for 10min each is next done to remove traces of HCL.
14. The samples are next incubated in rat anti-BrdU primary antibody (1:100), prepared in 1X PBS for 4hr.
15. Post incubation, two washes in 1XPBS for 10min is carried out before blocking it with 10% BSA block for 30min.
16. Secondary antibody anti-rat Cy3 (1:400) is added and incubated for 4hr. This as followed by two-three washes in PBS for 10min each.
17. The nucleus of cells are next labelled with DAPI. (An incubation in DAPI solution for 10min followed by two washes of 10 min each in 1X PBS was done.
18. Samples are mounted in mounting media Vectashield for immediate imaging.
Imaging.
1. The circulating hemocytes or hematopoietic hub are imaged using a combination of laser lines 405nm, 488nm, and 561nm in a confocal microscope.
2. Images are further processed in ImageJ and Photoshop software.
3. 3D surface rendered models are generated using Imaris 64X software.
Results
Response against infected E.coli in adult hemocytes
A. Phagocytic Response. Upon 30 minutes post infection with E. coli, the resident hemocytes of the hematopoietic hub are seen actively engaged in phagocytosis of the invading bacteria ( Figure 3A -C"). Instances can also be documented where multiple bacteria are phagocytosed by single hemocyte illustrating their rapid response to clear the huge infection load ( Figure 3C -C").
Similar behavior is seen from the circulating hemocytes ( Figure 3D-F") . Here also, single hemocytes can be seen throwing numerous filopodial extensions to engulf several E. coli cells from the infected hemolymph.
B. Proliferative response. Previous attempts to evaluate the cell division potentiality of adult hemocytes, primarily involved infecting the flies and then subjected them to proliferation assay with BrdU. These assays followed normal protocol, which are generally employed to assay proliferation in eye disc or lymph glands (Escudero & Freeman, 2007; Grigorian et al., 2011; Jung et al., 2005) . In majority of these methods, dissected tissues are incubated in BrdU solution for 30-60 min so that any cell division happening at that time of incubation will incorporate the modified nucleotide source thereby getting labeled. Employing this strategy no division was detected in plasmatocytes, although, BrdU incorporation was evident in endo-replicating fat cells of both the control and infected adult flies.
Employing the current method, no BrdU incorporation within the hub resident hemocytes is seen in an uninfected individual. Although the fat body cells (arrow in Figure 4A ) which are endo-replicating in nature positively incorporated BrdU ( Figure 4A -A"").
In contrast, the infected flies showed several BrdU labeled plasmatocytes inside the hematopoietic hub along with nearby fat cells (arrowhead in Figure 4B -B""). The BrdU incorporation was specific to plasmatocyte nucleus was further testified by constructing 3D surface modeling at a single cell resolution ( 
Discussion
Drosophila larval stage is a preparatory phase that enables the late larvae to achieve certain required volume for metamorphosis. Majorly all cell types including the macrophages/plasmatocytes proliferate and increase their number in larval developmental stages (Makhijani et al., 2011) . Prior to the identification of hematopoietic hub (Ghosh et al., 2015) , it was believed that there is no active site of hematopoiesis in the adult fruit fly , 2013) . Thus, it was thought that hemocytes from embryonic and larval lineages constitute the adult blood cell repertoire (Holz et al., 2003) . It was further inferred that these hemocytes from earlier stages of development lose their proliferative capacity and enter into senescence in adulthood (Honti et al., 2014) .
However, if adult fly is unable to produce new blood cells how do they survive basic hazards of life like a bacterial infection that requires a quick and spontaneous immune response? In such a scenario, they lose a major number of macrophages engaged in combating the infection. In vertebrates, such threat is tackled by different type of blood cells that get routinely regenerated. Studies on adult mosquito, on the other hand reveals that indeed hemocytes can proliferate upon bacterial infection to increase their number (King & Hillyer, 2012; Sigle & Hillyer, 2016). This raised the possibility that may be this is true for Drosophila adult too. Due to the limitation of the previous protocols, maybe we are missing the phenomenon. Thus, we attempted to come up with an alternate protocol of proliferation assay sensitive enough to document such event.
The current protocol is efficient and successful in unraveling the proliferation capacity of hemocytes in adult fly which was previously unappreciated. Although the senescence is prevalent in hemocytes of adult, with this efficient method we have been able to identify the rare proliferation events that can be encountered upon bacterial infection. This, in turn, has led to a new understanding that the hemocyte within the hub has not completely lost their proliferative capacity.
Remarkably, with the same BrdU feeding and infection regime, the circulating hemocytes do not demonstrate any proliferative activity. Thus, the protocol has helped us to differentiate the hub resident hemocytes from the ones in circulation based on their proliferative capacity or the rigidity of senescence.
We envisage that this protocol can also be used to characterize the proliferative responses of hemocytes in tumorigenic conditions, viral infections (Tassetto et al., 2017) as well as scenarios of environmental and metabolic stresses during adulthood.
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Comments:
The conclusions on the cell division could be corroborated by using an independent marker (e.g. PHH3) for cell division. BrdU is incorporated into the newly synthetized strand of the DNA, however BrdU incorporation does not necessarily reflect division .
It was suggested previously by the same authors that cells from the hub enter the circulation "soon after infection there is a quick release of a large fraction of hemocytes from the hub ( C-S4F) Figures S4 highlights the contribution of the hub to fight out infection". In this case we would expect BrdU labelled cells entering the circulation in the course of the five day labelling. The reason for this seemingly paradox situation should be discussed.
To draw the conclusion on the effect of bacterial induction, data obtained from a control group, injected with bacterium free buffer, should be presented.
In general, the technical part of the submission is appropriate, however the conclusions should be strengthened. 2.
3.
4.
5.
6.
7.
8.
9.
10.
11. 12.
recently, there was a general assumption that hemocytes were non-proliferative in the adult. However, a recent study showed the existence of proliferative hemocytes within the adult hematopoietic hub. This manuscript presents a straightforward procedure to isolate and visualize the hub from adult . Drosophila The protocol is well-written and easy to follow. The method should be easy for interested group to replicate, and is a valuable addition to tools for studying blood cells in . Drosophila
Most of my comments are relatively minor.
The title only discusses proliferation. However, the data and protocol show how this method can be used to visualize phagocytosis and proliferation. I recommend that the authors amend the title accordingly. The hematopoietic hub is poorly defined in the introduction. The authors should consider a brief summary of what we know about the hub.
There is a tendency to verbose statements "resounding similarities" "huge number", "any infection", "majorly blocked" "huge infection load" "throwing numerous filopodial extensions" "Majorly all cell types" "a major number of macrophages". I encourage the authors to consider a more measured approach.
In the introduction, it would be helpful to acknowledge that hemocytes also have effector roles (e.g. antimicrobial peptide production) and signaling roles (e.g. release of upd cytokines). It is not clear what is meant by "phases" (abstract), and "tumorigenic conditions" (abstract and discussion). In the section dealing with feeding BrdU to adults, the following sentence is difficult to follow: "The feeding of BrdU will generate a pool of modified nucleotide base in the system". I recommend the authors re-write this sentence to clarify that BrdU is incorporated in DNA during S phase, and can be detected using commercially available anti-BrdU antibodies. The section dealing with Bacterial infection of the adult fly is missing an important control. Did the authors do a mock infection lacking ? If so, they should include a sentence clarifying how to E. coli do this.
Step 4 should clarify that the anti-BrdU antibody marks replicating cells, including hemocytes. The authors should provide details on the strain used in this study, and on the vendor and E. coli catalog numbers required for fine surgical forceps and scissors. I'm concerned by the claim in the results section that circulating hemocytes "must have lost" proliferating capacity. Aren't alternative explanations possible? For example, isn't it possible that circulating hemocytes detect infection, migrate to the hub, and start to divide? In this case, a circulating hemocyte still has proliferative capacity. The authors may well be correct with their assumption, but I recommend replacing "must" with slightly less definitive terminology. The imaging section is short. More details are needed about how images are processed in ImageJ and Imaris. Minor comment: "was further testified" should read "was confirmed" What is the evidence that adult flies "lose a major number of macrophages during infection"? In the discussion, it would be helpful to briefly cover what we know about the roles of hemocytes in the immune response of . There are several studies that looked at this question. Drosophila
